Amphetamine
is a psychostimulant drug of abuse that can produce long-lived changes in behavior including sensitization and dependence.
The neural substrates of these drug effects remain unknown, but based on their prolonged time course, we hypothesize that they involve drug-induced alterations in gene expression.
It has recently been demonstrated that amphetamine regulates the expression of several genes, including c-fos, via dopamine Dl receptors in rat striatum. Here we report that amphetamine induces phosphorylation of transcription factor CAMP response element binding protein (CREB) in rat striatum in vivo and that dopamine Dl receptor stimulation induces phosphorylation of CREB within specific complexes bound to CAMP regulatory elements. In addition, we show by antisense injection that CREB is necessary for c-fos induction by amphetamine in vivo. Since CREB has been implicated in the activation of a number of immediate-early genes as well as several neuropeptide genes, CREB phosphorylation may be an important early nuclear event mediating long-term consequences of amphetamine administration. [Key words: psychostimulant, dopamine, antisense oligonucleotides, phosphorytation, CREB, c-fos, striatum] The psychomotor stimulant amphetamine is among the most reinforcing drugs known. In humans acute psychostimulant administration produces euphoria, increased energy, decreased appetite, and decreased fatigue. At higher doses, psychostimulants may produce anxiety, irritability, and paranoid psychosis (Connell, 1958; Ellinwood, 1967; Gawin and Ellinwood, Jr., 1988) . Chronic administration of amphetamine or cocaine can produce long-term behavioral changes (Klawans et al., 1978; Segal et al., 1980; Barnett et al., 1987) . Unlike many other drugs that produce tachyphylaxis, repeated administration can produce progressively greater behavioral effects, an observation referred to as behavioral sensitization (Segal and Mandell, 1974; Sato et al., 1983; Robinson et al., 1988) . Significantly, chronic psychostimulant administration can result in a profound state of dependence.
The predominant acute action of amphetamine in the brain is release of nonvesicular monoamines (Moore, 1977; Rutledge, 1978; Butcher et al., 1988; Knepper et al., 1988) . The most convincingly established substrate for the reinforcing properties of amphetamine are facilitation of dopamine action in the ventral striatum including the nucleus accumbens (Phillips et al., 1975; Koob and Bloom, 1988; Kolta et al., 1989) . While acute activation of "brain reward" circuitry may explain why certain drugs are self-administered, it does not, by itself, explain drug dependence. The nervous system generally responds to persistent drug-induced perturbations with compensatory adaptations. Because critical actions ofamphetamine appear to involve the dopaminergic inputs into the striatum and nucleus accumbens, these structures have been important sites for the investigation of psychostimulant-induced neural plasticity.
The prolonged time course of both the initiation and maintenance of psychostimulant dependence has raised the question of whether long-term drug-induced alterations in gene expression play a critical role (Nestler, 1992; . Immediate-early genes (IEGs) and their protein products act to transduce extracellular signals into the regulation of genes involved in the differentiated function of neurons. Amphetamine has previously been shown to act via dopamine Dl receptors to induce expression of the IEG c-fos in striatum with a specific anatomic distribution (Robertson et al., 1989; Graybiel et al., 1990; Nguyen et al., 1992) . It has also been shown to activate expression of the zinc finger transcription factor NGFI-A (zif268, egrl) (Moratalla et al., 1992; Nguyen et al., 1992) . Moreover, AP-1 binding activity in striatum is induced after amphetamine administration (Nguyen et al., 1992) .
Based on these observations, we studied events that may link amphetamine-mediated D 1 receptor stimulation to induction of c-fos and other genes. D 1 receptors activate the CAMP pathway and therefore CAMP-dependent protein kinase (PKA; Kebabian and Calne, 1979; Monsma et al., 1990) . The predominant nuclear target of PKA involved in regulation of transcription appears to be the constitutively synthesized transcription factor CAMP response element binding protein (CREB) that is activated by PKA via phosphorylation on its serine133 (Yamamoto et al., 1988; Gonzalez and Montminy, 1989) . In transformed cell lines, CAMP response elements (CREs) and CREB protein have been shown to be involved in the transcriptional regulation of many genes, including IEGs such as c-fos (Sassone-Corsi et al., 1988; Sheng et al., 1990) , and several neuropeptide genes, such as proenkephalin, somatostatin, and vasoactive intestinal polypeptide (Montminy and Bilezikjian, 1987; Fink et al., 1988; Hyman et al., 1988; Gonzalez and Montminy, 1989; Konradi et al., 1993) . In the brain, CREB has been implicated in activation of the c-fos (Ginty et al., 1993) and proenkephalin genes , but has not previously been shown to be required for such activation in vivo.
Here we demonstrate that amphetamine produces CREB phosphorylation in rat striatum in vivo via a Dl receptor-dependent mechanism. We also show that stimulation of Dl receptors on sttiatal neurons in primary culture induces phosphorylation of CREB on Ser'33 (phosphoCREB) within specific protein-DNA complexes formed with CAMP response elements (CREs). Further, intrastriatal injection of antisense oligonucleotides directed against CREB inhibited induction of c-fos by amphetamine.
CREB phosphorylation is likely an important step linking dopamine Dl receptor stimulation to long-term alterations in the properties of striatal neurons.
Materials and Methods
Antisera The CREB and phosphoCREB (Ginty et al., 1993 ) polyclonal antisera were a gift from D. Ginty and M. Greenberg. The Fos antiserum (polyclonal; Ab-2) and the cJun antiserum were purchased from Oncogene Science (Uniondale, NV). Zmmunohistochemisty. Male Sprague+Dawley rats (200-250 gm) were used for all experiments. Animals were perfused under deep pentobarbital anesthesia with 100 ml of 0.9% saline, followed by 300 ml of 4% paraformaldehyde in phosphate-buffered saline (PBS). For phospho-CREB experiments, preperfusion with saline was omitted. Brains were immersed in 30% sucrose for 24 hr and 40 PM sections were cut on a freezing microtome. All primary antisera were used at a dilution of 1: 1000 and incubated with tissue slices overnight at 4°C. The protocol used for subsequent steps was according to Vectastain Elite ABC kit (Vector Labs, Burlingame, CA); sections were developed with 3,3'-diaminobenzidine (Sigma). A different blocking solution was used for phosphoCREB antiserum (3% bovine serum albumin, RIA grade, Sigma; 0.3% Triton X-100; and 50 mM NaF in PBS).
Drugs. S(+)
Electrophoretic mobility-shift assays. For brain tissue experiments, striata, including the nucleus accumbens, were dissected and quickly Figure 2 . u-d, PhosphoCREB staming is increased in amphetamine-treated rats in a dopamine Dl receptor-dependent manner. Rats were treated intraperitoneally with saline (a) or amphetamine (4 mg/kg; b) and perfused 15 min later. An increase in phosphoCREB immunoreactivity can be observed. Treatment with SCH23390 (1 mg/kg) alone, 30 min before perfusion, had no effect (c). However, pretreatment with SCH23390 inhibited CREB phosphorylation in response to amphetamine (d). SCH23390 was given 30 min before perfusion; amphetamine (4 mg/kg) 15 min before perfusion. n = 4 for a and b, n = 2 for c and d. Sections shown are coronal, around 0.2 mm bregma. Scale bar, 100 pm. Figure 3 . Electrophoretic mobility shift with the CaRE and ATF sites in the absence and presence of the CREB antiserum. Rats treated with saline or amphetamine (4 mg/kg) were killed 2 hr later. The resulting striatal extracts were incubated with the CaRE and ATF oligonucleotides with or without a specific CREB antiserum an'd subjected to electrophoresis. No difference in intensity of the shifted bands can be observed between saline-and amphetamine-treated rats. The CREB antiserum (CREBa lanes) disrupts and partly supershifts the specific complexes bound to the CaRE or ATF elements independently oftreatment, while a Fos antiserum had no effect (data not shown). The additional band seen between the specific and the supershifted band in the CREBcv lanes is a nonspecific serum band, as determined by preimmune-serum control experiments . n = 3. CaRE CREBa -Free probe frozen on dry ice. Whole-cell extracts were prepared by sonicating the striata in sonication buffer (20 mM HEPES, 25% glycerol, 0.5 M KCl, 1.5 mM MgCl,, 0.4 mM EDTA, 5 mM DTT, 1 mM EGTA, 0.5 mM PMSF) and centrifuging for 10 min at 14,000 x g and 4°C. The pellet was discarded and the supematant used for electrophoretic mobilityshift assays.
For striatal culture experiments, media were aspirated and plates frozen on liquid nitrogen. Cells were scraped in 200 pl of sonication buffer (as above) and sonicated for 5 sec. Sonication buffer used for phosphoCREB experiments also contained 1 mM NaF and 5 PM microcystin (Calbiochem, San Diego,.CA). After centrifuging for 10 min at 14,000 x g and 4°C the pellet was discarded and the supematant used for electrophoretic mobility-shift assays. For binding, 4 ~1 of either lysate was incubated on ice for 10 min in binding buffer ( 15 ~1 total volume) containing 10 mM HEPES (pH 7.9), 10% glycerol, 0.1 mM EDTA, 8 mM MgCl,, 2 mM DTT, and 10 mg/ml poly dI-dC) at 4°C with or without unlabeled competitor. In the presence of antisera, preincubation was extended to 15 min. After preincubation, 1 ng of 32P-labeled double-stranded oligonucleotide was added. Samples were incubated for 10 min at 23°C and then electrophoresed through a 4% nondenaturing polyacrylamide gel (30: 1 acrylamide:bisacrylamide) in 0.25~ TBE (Sambrook et al., 1989 ) and 3% glycerol. The gel was subsequently dried and autoradiographed.
Oligonucleotides were synthesized with partial Barn HI sites and annealed in the presence of 20 mM NaPO,, 1 mM EDTA, and 100 mM KCl. The partial Barn H 1 sites of the double-stranded oligonucleotides were then filled in with 32P-labeled dCTP and unlabeled dATP, dGTP, and dTTP. Sequence of oligonucleotides used in electrophoretic mobility-shift assays was as follows (the partial Barn Hl site is shown in italic, core consensus sequences in boldface): activating transcription factor (ATF), 5' GATCGCTGACGTCAGGG 3' (Hoeffler et al., 1988; Hai et al., 1989) ; c-fos calcium response element (CaRE) site, S'GATCCCCGTGACGTTTACA 3' (Sheng et al., 1990) ; AP-1 (derived from the human metallothionein promoter), 5' GATCCGCGTGACT-CAGCGC 3'; AP-1 (from the human substance P promotor), 5' GAT-CAGCATGAGTCACTTC 3' ; and proenkephalin AP-4, S'GATC GTCAGCTGCAGGG 3' (Comb et al., 1988) . Phosphorothioate oligonucleotides and intrastriatalinjections.
The following oligonucleotide sequences were used: CREB antisense, S'TGGTCATCTAGTCACCGGTG3'; CREB sense, S'CACCGGT-GACTAGATGACCA3'; c-fos antisense, S'CATCATGGTCGT-GGTTTGGG3'; and c-fos sense, S'CCCAAACCACGACCATGATG3'. One microliter of a 2.5 mM solution of phosphorothioate oligonucleotide (Midland Co.) was infused into the rat striatum (coordinates: anterior/posterior, +0.5; medial/lateral, +3.2; dorsal/ventral, -6.0) of anesthetized rats (pentobarbital, 65 &gm body weight) in a stereotaxic frame.
Primary striatal cultures. Striata were dissected out under a stereo microscope from 19-d-old Sprague-Dawley rat fetuses. Tissue was suspended in 2 ml of media (DMEM/Fl2 from GIBCO-Bethesda Research . CREB and phosphorylated CREB bind to the CaRE and ATF sites. Striatal cultures were treated with dopamine (50 r~)/Ro20-1724 (50 PM) or forskolin (10 rm)/IBMX (500 PM). Ro20-1724 is a specific phosphodiesterase inhibitor and has no effect by itself (see also Fig. 4 ). Dopamine/Ro20-1724 and forskolin/IBMX cause an increase in CREB phosphorylation, which is reflected in an increased supershift with the phosphoCREB antiserum (phosphoCREB CY). Dopamine/Ro20-1724 targets only a subset of cells in the cultures, that is, only those neurons with dopamine receptors, and yields less phosphorylated CREB than does the receptor-independent forskolin/IBMX.
The CREB antiserum is insensitive to phosphorylation status and shifts all lanes equally well (CREB (Y lanes). n = 5.
Labs, Gaithersburg, MD, with the following supplements per liter of medium: 4.5 gm of glucose, 1.5 ml of penicillin-streptomycin liquid from GIBCG-Bethesda Research Labs, and 10% Nu-serum 1 from Collaborative Biomedical Products, Bedford, MA) with 0.2% DNase. The tissue was mechanically dissociated with a fire-narrowed Pasteur pipette, and then centrifuged at 1000 rpm for 5 min. The medium was aspirated, and the cells were resuspended to lo6 cells/ml and plated in six-well plates (Costar, Cambridge, MA) at 2 x 106 cells/well. Plates were pretreated as follows: 2 ml of a 1:500 diluted solution of polyethylenimine in 50 mM sodium borate pH 7.4 was left on the plates overnight; next morning, plates were washed twice with PBS, left with medium for about 4 hr, and aspirated just prior to plating the cells.
Experiments were performed with cells 6-8 d in culture. At this time, the ratio of cells stained histochemically for neuron-specific enolase versus glial fibrillary acid protein was greater than 10: 1. A small number of cells stained with neither antiserum. Drugs for treatment of cultures included dopamine (50 PM); Ro20-1724 (50 PM; Research Biochemicals Inc., Natick, MA), which is a selective inhibitor of CAMP phosphodiesterase; forskolin (10 PM); 3-isobutyl-1 -methylxanthine (IBMX) (500 PM; Sigma, St. Louis, MO); and SCH23390 (100 PM; Research Biochemicals Inc., Natick, MA), a selective inhibitor of dopamine Dl and D5 (also called Dla and Dl b) receptors.
Northern blot analysis. Striatal cultures were washed twice with PBS on ice, scraped into a microcentrifuge tube, and centrifuged for 3 min at 14,000 rpm and 4°C; the supematant aspirated, and the cells were lysed in 500 ~1 of lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 5 mM MgCl,, 0.5% NP40). After a 5 min incubation on ice, cells were centrifuged for 2 min at 14,000 rpm and 4"C, the supematant transferred, and SDS added to a 0.2% final concentration. Cells were extracted twice with phenol-chloroform, followed by a chloroform extraction and ethanol precipitation. RNA was size separated on a 1.2% denaturing agarose gel (I M paraformaldehyde) in MOPS buffer (20 mM MOPS, pH 7.0,5 mM sodium acetate, 1 mM EDTA), electroblotted onto a nylon membrane, and hybridized with a c-fos riboprobe (Riboprobe system, Promega, Madison, WI).
Results S( +)-amphetamine sulfate (4 mg/kg) induced Fos-like immunoreactivity in striatum 2 hr after drug administration (not shown), as previously reported (Graybiel et al., 1990; Ngyuen et al., 1992) . It had no effect on levels of CREB-like immunoreactivity that appeared to be present in all cells under both basal and stimulated conditions (Fig. 1) . However, using an antiserum that specifically detects CREB phosphorylated on Ser133 (Ginty et al., 1993) , amphetamine (4 mg/kg) dramatically induced CREB phosphorylation (phosphoCREB) in the striatum (Fig. 2a,b) . Amphetamine-induced CREB phosphorylation was blocked by pretreatment with SCH23390 (1 mg/kg), a dopamine Dl/D5 receptor antagonist ( Fig. 2a-d) . Given the paucity of D5 receptors in striatum (Tiberi et al., 1991) it is likely that amphetamine-induced CREB phosphorylation is therefore dependent on Dl receptors. Amphetamine and cocaine induction of c-fos mRNA and (Robertson et al., 1989; Graybiel et al., 1990; Young et al., 199 1; Nguyen et al., 1992) , and CREB has been shown to be upstream of c-fos induction in certain stimulus paradigms (Sheng et al., 1990; Ginty et al., 1993) , acting via a CAMP-and Ca*+ -inducible (CaRE) element (Sassone-Corsi et al., 1988; Sheng et al., 1990) . We therefore examined the effects of amphetamine on the interaction between CREB protein and the c-fos CaRE element in striatal extracts using electrophoretic mobility-shift assays (Fig. 3) . For comparison we also tested a palindromic consensus CREB binding site, designated ATF (Fig. 3) . The specificity of protein complex formation with these oligonucleotides in striatal extracts has previously been demonstrated by cold competition . Amphetamine (4 mg/kg) caused no quantitative change in protein complexes bound to either the CaRE or ATF oligonucleotides in striatal extracts (Fig. 3 ) even though it induced binding (two-to fourfold) to an oligonucleotide containing a consensus AP-1 site (data not shown; Nguyen et al., 1992) . Following either saline (control) or amphetamine administration, the specific complexes formed with the CaRE and ATF oligonucleotides appeared to contain CREB, as determined by incubating the specific protein-DNA complexes with an antiserum directed against CREB (Fig. 3) . Despite our ability to detect induction of CREB phosphorylation immunohistochemically in striatum following amphetamine, we were unable to observe induction of phosphoCREB DNA binding activity in extracts made from striatum (data not shown) possibly due to rapid dephosphorylation during the dissection. Rapid dephosphorylation is the likely mechanism because we have observed that suboptimal perfusion or cardiac arrest of animals, even when it occurred less than a minute before perfusion, yielded an absence of phosphoCREB immunoreactivity. The shortest time interval between death of an animal and quick freezing of the striatum was 2 min. Therefore, we turned to striatal neurons in primary culture to investigate the effects of dopamine agonists on phosphoCREB DNA binding activity.
Since striatal neurons lack their dopaminergic inputs when placed in pure striatal cultures, indirect agonists such as amphetamine are not active. However, direct agonists, such as dopamine itself, can be employed. In primary striatal cultures, dopamine (50 pm) and the direct activator of adenylate cyclase, forskolin (10 pm), together with CAMP phosphodiesterase inhibitors, both induced expression of c-j&r mRNA (Fig. 4) . Dopamine receptors are not known to be expressed on glia in striatum in viva However, to rule out the possibility that under our conditions of culture glia may mediate the effects of dopamine on gene expression, we compared our neuron-enriched cultures with glial-enriched cultures, which were grown in parallel. The glial-enriched cultures, produced by mechanically shaking off the neurons, contained less than 10% neurons. The induction of c-fos mRNA levels by dopamine (50 pm) and Ro20-a724 (50 pm) in neuron-enriched cultures was 40-fold (Fig. 4) whereas the induction in the glial-enriched cultures was only 1.5-fold (not shown). Thus, dopamine-induction of c-fos expression appears to occur in neurons rather than glia.
To investigate the effects of dopamine on the binding and phosphorylation status of CREB protein interacting with the cfos CaRE element, we performed electrophoretic mobility-shift analyses using cell extracts from primary cultures. We first characterized the specificity and the content of the complexes formed between these cell extracts and the CaRE, ATF, and AP-1 oligonucleotides as we have previously done for striatal extracts made directly from brain . Using extracts from the primary cultures, the consensus CREB binding site (ATF) competed more avidly than the AP-1 oligonucleotide for proteins binding to the ATF and CaRE sites, while the unrelated AP-4 oligonucleotide in 1 OO-fold molar excess did not compete at all (Fig. 54) . The labeled CaRE and ATF oligonucleotides showed no differences in competition patterns between control (untreated) cultures and cultures harvested 2 hr after addition of forskolin and IBMX (Fig. 5A) . In contrast, competition for binding to the labeled AP-1 site showed a marked difference between untreated cultures and cultures treated with forskolin and IBMX for 2 hr. Prior to forskolin/IBMX treatment, the ATF site was a stronger competitor than the AP-1 site, whereas Figure 9 . u-d, CREB antisense oligonucleotide injection into the striatum prevents Fos induction by reducing CREB protein levels: a higher magnification of Fos immunoreactivity after intrastriatal injection of CREB antisense (a) and sense (b) oligonucleotides (compare to Fig. 8) . CREB immunoreactivity is shown on adjacent sections with CREB antisense (c) and sense (d) oligonucleotide injections. Arrows point to needle tracks. Scale bar, 100 pm. Values represent the average from two cases each, +SEM. Fos-positive nuclei were counted with a graticule in an area of I mm x 2 mm, lateral ofand adjacent to the needle track (at -0.3 bregma and ~3.2-4.2 medial-lateral coordinates; Paxinos and Watson, 1986) . The first two consecutive animals of the 6 mg'kg and 4 mg/kg treatment groups were used for counting.
after treatment, the order of avidity of competition was reversed (Fig. 5B) . This last observation differs from what we observe in extracts produced from striatum in vivo , and data not shown), where AP-1 self-competition is always stronger than ATF site competition for proteins binding to a labeled AP-1 probe, under both unstimulated conditions and after amphetamine or haloperidol treatment. These data suggest that under conditions of culture, where cells are removed from both dopamine and glutamate innervation, levels of specific AP-1 proteins are very low in the unstimulated condition.
The composition of the specific complexes was then examined using antisera to disrupt or supershift specific shifted bands. A CREB antiserum supershifted specific bands formed with the CaRE and ATF oligonucleotides equally well, independently of treatment (Fig. 6 ) or time after treatment (in time courses up to 24 hr; data not shown). Dopamine or forskolin with phosphodiesterase inhibitors induced phosphoCREB in these complexes, as demonstrated by supershift with the specific antiserum (Fig. 6) . The phosphoCREB supershift of dopamine/Ro20-1724-treated cells was inhibited by pretreatment with SCH23390 (Fig.  7) consistent with a D 1 -mediated mechanism.
Taken together, the findings in vivo and in culture are consistent with a role for CREB phosphorylation in activation of c-fos gene expression by dopamine in striatal neurons, and therefore in activation of c-fos gene expression by amphetamine in the striatum. To determine whether CREB is necessary for amphetamine induction of c-fos in vivo, sense and antisense phosphorothioate oligonucleotides directed against CREB were injected into opposite striata, and after a specific interval amphetamine (2, 4, or 6 mg/kg, i.p) was injected. Two hours after amphetamine administration, animals were killed and processed for Fos immunohistochemistry.
In this design the striata from the two sides can be compared, rather than comparing across animals.
The interval between intrastriatal oligonucleotide injection and amphetamine administration that produced maximal suppression of c-fos expression by antisense (but not sense) oligonucleotides was determined by a time course with intervals of 18,24,46, and 70 hr. At the end of each period animals received amphetamine and were. perfused 2 hr later. Maximum suppression of Fos induction by amphetamine was observed when the interval between intrastriatal injection of antisense oligonucleotides against CREB mRNA and amphetamine injection was between 18 and 46 hr (Figs. 8, 9 ). For comparison, a time course was also examined after injection of antisense oligonucleotides directed against c-fos mRNA itself. The maximum effect of suppression of Fos protein was observed when the interval between intrastriatal antisense (but not sense) oligonucleotide injection and amphetamine administration was 10 hr. No difference between antisense and sense oligonucleotide injections was observed when the interval was 18 hr (data not shown). When the interval was 24 hr, there appeared to be an increase in Fos protein on the side of the antisense injection, consistent with some type of rebound or sensitization phenomenon (data not shown). Suppression of Fos protein was not observed after injection of either sense CREB or sense c-fos oligonucleotides.
In all animals that received amphetamine (4 mg/kg; i.p.) 18 hr after CREB antisense injection (n = 4) Fos staining was markedly reduced on the side of the antisense injection as compared to the sense control side (Figs. 8, 9 ; Table 1 ). Staining with CREB antiserum showed a reduction of CREB-like immunoreactivity on the side of the antisense oligonucleotide injection, but a complete suppression of CREB protein was not seen in any of the cases (Fig. 9) . This could be due to the stability of preexisting CREB protein or the detection of other proteins with which the antiserum cross-reacts. However, the apparently partial reduction in CREB protein was enough to prevent amphetamine induction of Fos at 2 mg/kg (n = 2) and 4 mg/kg (n = 4). Interestingly, a higher concentration of amphetamine (6 mg/kg; n = 4) overcame some of the block of Fos induction, consistent with the hypothesis that with a stronger stimulus there is enough CREB protein remaining to produce a response (Table  1) . The dose-response and the time course data demonstrate that the injections have not rendered the tissue nonspecifically unresponsive to stimulation. In addition, there was no difference in cJun immunoreactivity between sides that received CREB sense (Fig. lOa) or CREB antisense (Fig. lob) oligonucleotide.
Discussion
With the recognition that the long-term behavioral effects of psychostimulant administration may be explained by changes in intracellular signal transduction in dopamine-responsive systems, including activation of transcription factors, a substantial body of research has been produced examining induction of IEGs by amphetamine and cocaine (Robertson et al., 1989; Graybiel et al., 1990; Young et al., 1991; Hope et al., 1992; Moratalla et al., 1992; Nguyen et al., 1992) . The purpose of the present study was to investigate in vivo what may be the earliest nuclear event in psychostimulant regulation of gene expression, phosphorylation of the transcription factor CREB. In addition to demonstrating that amphetamine produces CREB phosphorylation in striatum, and that this effect is dependent on Dl receptors, we examined dopamine-regulated interactions of CREB in striatal neurons with c-fos, one of its best characterized targets (Sassone-Corsi et al., 1988; Sheng et al., 1990) . Fos protein is markedly increased in striatum after amphetamine administration, but no change in CREB protein is observed immunohistochemically.
Small changes in CREB content per cell may not be detected by this method, but there were also no changes in the number of CREB-immunoreactive cells. These results are consistent with studies in cell lines, in which CREB is reported to be constitutively expressed and activated by phosphorylation on Ser133 (Gonzalez and Montminy, 1989) . CREB binding to the CaRE regulatory element of the c-fos promoter (and the palindromic ATF site) was demonstrated in electrophoretic mobility-shift assays using both striatal (brain) extracts and extracts from primary striatal cultures. Consistent with our immunohistochemical data, no quantitative change in the spe- cific CREB-containing complex is seen either in striatal extracts from amphetamine-treated rats compared with saline controls, or in striatal cultures treated with dopamine or forskolin compared with controls. In striatal cultures we demonstrate that dopamine and forskolin both induce Se? phosphorylation of CREB in specific complexes interacting with the CaRE and the ATF elements. This is followed temporally by an increase in expression of C-$X mRNA. Dopamine-induced CREB phosphorylation in these cultures is blocked by pretreatment with a D l/D5 receptor antagonist, as demonstrated by blockade of the induction of phosphoCREB in complexes binding to the CaRE and ATF oligonucleotides in electrophoretic mobility-shift assays. Finally, using antisense oligonucleotide injections we show that the amphetamine-induced c-fos expression is dependent upon CREB protein. Direct antisense injection into brain is a relatively new approach that is difficult to fully evaluate. Because we injected sense and antisense oligonucleotides into opposite striata in each animal, each antisense experiment had a withinanimal control. This design rules out animal-to-animal variation in drug response, and also makes it highly unlikely that the observed differences between sense and antisense injections could be due to uneven drug delivery. In our time course experiments we observed recovery of Fos induction, and even hyper-responsiveness in the longest time interval between CREB antisense injection and amphetamine administration. This is further evidence that the observed antisense effects result from specific inhibition of a signal transduction pathway and not from nonspecific toxicity or injury. Specificity was also shown by staining with a cJun antibody, which was not suppressed after CREB antisense oligonucleotide injection. CREB appears to play a critical role in transducing activation of the CAMP system and additionally some of the effects of intracellular Ca*+ (Yamamoto et al., 1988; Sheng et al., 1990) into activation ofgene expression. Amphetamine-induced phosphorylation of this nearly ubiquitously expressed transcription factor has far-reaching consequences for neurons in the dorsal and ventral (limbic) striatum as well as other brain regions innervated by monoaminergic neurons. Along with short-term chemical changes in the brain (Graybiel et al., 1990; Li et al., 1990; Trujillo et al., 1990; Hurd and Herkenham, 1992; Norman et al., 1993) , amphetamine produces long-term changes with significant behavioral consequences that may, in part, reflect altered patterns of gene expression. Here we demonstrate that amphetamine produces specific phosphorylation of CREB and further demonstrate the dependence of one target gene, cfos, on CREB. However, CREB interacts with a large number of genes including not only IEGs, but also neuropeptides such as somatostatin, vasoactive intestinal polypeptide, proenkephalin, and prodynorphin (Montminy and Bilezikjian, 1987; Fink et al., 1988; Montminy et al., 1990; Cole et al., 1993; Konradi et al., 1993) , and a multiplicity of other genes. It is therefore likely that amphetamine-induced CREB phosphorylation has the potential to affect a large number of target genes in Dl dopamine receptor-containing neurons, and may be a critical early event in stimulant-induced regulation of gene expression in the striatum. 
